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HIGH PEAK POWER Ka GYROTRON
OSCILLATOR EXPERIMENT

I. Introduction

Gyrotron oscillators employing thermionic cathode technology have

proved to be highly efficient, exceptionally high average power

millimeter-wave sources.1 Operating at moderate currents and voltages

(typically, S50 A at S100 keY), they have demonstrated 100s of kW of

average power at efficiencies approaching 50%.2 However, some future

applications of millimeter-wave radiation, such as radars and very high

energy electron linear accelerators, 3 may require substantially higher

peak power levels than have been demonstrated using these conventional

thermionic microwave tube technologies. This will require the application

of much higher beam powers, requiring the use of both higher currents and

voltages. In light of these general considerations, a research program

was initiated to investigate the potential of gyrotron oscillators driven

by the substantially higher currents and voltages available for short

pulses (SlOO niec) from high voltage pulseline accelerators driving

plasma-induced field emission cathodes.

Studies of the gyrotron interaction using pulseline accelerators have

been in progress for more than a decade. Among the Initial studies was

one using a 3.3 MeV pulser to demonstrate microwave peak powers of

approximately 1 GW at a frequency of 8 GHz in the TEO, mode; 4however, no

resonant cavity was employed, and the superradLant device produced

microwaves with an efficiency of less than 1%. Subsequent studies

employing resonant cavities were carried out primarily in the Soviet

Union, often employing accelerating voltages of approximately 350 kV and

operating in a TEOn mode of a gyrotron cavity. Results of these studies

included the demonstration of 23 MW at 40 GHz with 5% efficiency.
5
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Studies of pulseline driven millimeter-wave gyrotrons are also in progress

in the United Kingdom.
6

Our own recent studes have centered on "whispering-gallery" mode

gyrotrons (i.e., TEmrn modes with m>>n) which have good features for very

high peak power generation of millimeter waves. The whispering-gallery

gyrotrons interact preferentially with annular electron beams of large

radius, and have superior mode stability without the aid of slots in the

cavity walls. Thermionic cathode gyrotrons employing whispering gallery

modes have the best performance for long pulse tubes at frequencies above

100 GHz. Among the results are output powers of 120 kW at 375 GHz and 15%

efficiency for a pulse duration of 100 usec, 7 and 645 kW at 140 GHz at 19%

efficiency, with a peak efficiency of 24% at 300 kW for a pulse duration

of 3 usec.8 These devices have the potential for further development to

achieve cw operation.

In a previous paper, 9 we reported the production of 20 nsec pulses

with 20 MW peak power at 35 GHz and 8% efficiency in a TE62 mode from a

gyrotron oscillator operating at approximately 350 kV and employing

currents in the range of 0.5 to 1 kA. That earlier result was produced by

an experiment operating on a 600 kV Febetron pulser capable of providing 6

kA of current into a matched 100 a load. However, the previous experiment

was constrained to lower currents and voltages by limitations inherent in

its diode design. In this paper, we report further experiments in which

the Febetron pulser was operated at its full voltage of 600 kV, and

mismatched upwards at the diode to produce a peak diode voltage

approaching 800 kV at a diode current of -3.5 kA. These experiments were

carried out employing a similar microwave circuit to that reported in the

earlier work, but using an improved method of forming the 1-3 kA high
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transverse momentum beam required for gyrotron operation. As a result of

these improvements, the output power was increased to approximately 100 MW
p

at 35 GHz in a TE62 mode with an efficiency of approximately 8%. In

addition, by tuning the cavity magnetic field while keeping the beam

parameters fixed, it was possible to demonstrate the operation of the

experiment at high power in a sequence of TEm2 modes, with the azimuthal

index m ranging from 4 to 10, while tuning the operating frequency over

the range of 28 to 49 GHz.

A detailed comparison of the experimental data with theory shows

interesting features for gyrotron operation with high voltage electron

beams. Rapid changes in cyclotron frequency due to electron mass

variation with beam voltage allows operation in the "hard excitation"

regimelo with a pulsed device. This effect also appears to enhance the

stability of single mode operation.

II. Experimental Setup

Figure 1 illustrates the experimental setup. A 600 kV compact

Febetron pulser with 100 Q impedance and 55 nsec output voltage pulse Is

used to generate an electron beam in a simple foilless diode geometry, in

which the anode is simply the outer metallic cylinder enclosing the diode

region. The electrons are emitted from the sharpened edge of a 3.44-cm-

diam. cylindrical carbon cathode by means of explosive plasma formation.

The diode is immersed in the field of the main solenoidal magnet. The

impedance of this diode is determined by the limiting current for the

electron beam as it streams away from the cathode along the guide magnetic

field. In this case, a beam of approximately 3.5 kA is produced.
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Additional transverse momentum is induced by sending the beam past a

"pump" magnet which produces a localized dip in the axial magnetic

field. During adiabatic changes in the axial magnetic field, the ratio

p2/B remains constant, where pt is the transverse component of the

electron momentum and B is the magnetic field; however, the non-adiabatic

change in the axial magnetic field produced by the "pump" magnet increases

the magnetic moment of the electron trajectories. Typically, an

approximate 50% magnetic field reduction at the center of the dip at the

initial radius of the electron beam is required in order to produce a

significant non-adiabatic effect on the transverse electron momentum.

After emerging from the region of the dip, the electron beam transverse

momentum is further increased as the beam is adiabatically compressed to

its final radius and magnetic field by the additional fields provided by

the cavity solenoid. Each of the three magnets is powered by a separate

capacitor bank discharge, to allow separate adjustment of the electron

transverse momentum, the magnetic field compression ratio, and the final

magnetic field.

Fig. 2 illustrates typical experimental waveforms for the diode

voltage and current, the net gyrotron current measured by the Rogowski

coil, and a typical microwave signal measured by a crystal detector. The

FWHM of the diode voltage pulse is -55 nsec. However, it lacks a true

"flat-top", or period of constant voltage, and has two separate voltage

maxima separated by -30 nsec, with the first peak about 25% higher than

the second. Operating conditions are typically selected to maximize the

35 GHz microwave emission in the vicinity of the first voltage maximum.

In this case, the microwave signal will typically have a total width of

approximately 20 nsec, as illustrated in Fig. 2, which corresponds to

4 '
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operation during a time when the diode voltage undergoes a 20-25% rise and

fall. The implications of this time-dependent voltage waveform will be

discussed further below.

The combination of the "pump" magnet and the subsequent adiabatic

compression can result in the experimental loss of a portion of the

electron beam current prior to the gyrotron cavity. This is due to the

increase in transverse velocity (and consequent decrease in streaming

velocity) as the beam is magnetically compressed, combined with the effect

of space charge depression of the beam kinetic energy, due to the

separation of the electron beam from the conducting wall. For any

combination of fields at the cathode and in the cavity, the optimum

operating point of the experiment is selected by varying the "pump" magnet

amplitude in order to maximize the microwave signal that Is synchronous

with the maximum of the voltage waveform. This optimum was always found

to correspond to a "pump" magnet amplitude that substantially reduced the

current streaming through the gyrotron cavity, as determined by the

Rogowski coil. (See Fig. 1.) Typically, the microwave optimum was found

to correspond to a condition in which half or less of the initial beam

current reached the gyrotron cavity. Such a case is illustrated in Fig.

2. The remaining current is assumed to reflect back towards the diode

during the adiabatic compression, and is most likely collected on the

drift tube wall at the magnetic field minimum in the vicinity of the

"pump" magnet.

For these experiments, a cavity radius of 1.6 cm was selected, in

order to place the operating frequency for a gyrotron in the TE6 2 mode at

approximately 35 GHz. The cavity is fabricated from stainless 3teel, to

facilitate the penetration of pulsed magnetic fields, and is coated with

5
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gold to reduce ohmic losses. Its input end has a tapered section,

extending to below cutoff of the desired operating modes, in order to

taper the axial profile of the microwave electromagnetic fields for

reasons of efficiency enhancement. The output end of the cavity is

defined by a change in wall slope from 00 to 50. The 50 output taper

extends outward to the 7-cm radius of the output waveguide. The output

waveguide ends in a 14-cm-diam. vacuum window. The length of the cavity

corresponds to approximately 6-8 cyclotron orbits for a 600 keV electron

beam with a-1, where a is the ratio of transverse to axial electron

velocity, and the cavity quality factor Q is -250. The frequencies of the

lowest axial wavenumber (i.e. Z-i) TEmnq and TM modes in the vicinity

of 35 GHz are shown in Fig. 3.

III. Experimental Results

A. Microwave measurements

The microwave measurement system consists of two separate detection

channels. Each channel is composed entirely of "in-band" WR-28 components

and begins with a small microwave aperture antenna positioned within 1 cm

of the output window of the experiment. The apertures that are employed

for this purpose are the open ends of sections of WR-28 waveguide. Each

aperture is connected via a section of flexible waveguide to -11 m of

rigid waveguide leading to a screen room, and can be positioned

independently at any position on the output window to detect either radial

or azimuthal polarization. The entire output window, except for the

location of the apertures, is covered with microwave absorber to eliminate

stray reflections. In the screen room, each signal is attenuated by
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transit through the coupled port of a 20 dB directional coupler, and by a

calibrated rotary-vane attenuator. The signals are further processed

either by a low pass filter, that strongly attenuates out-of-band signals

above 40 GHz, or by a combination of a low pass filter and a narrow-band

(1.6 GHz FWHM) step-twist filter 11 that limits the transmitted signal to a

narrow frequency range about 35 0Hz. (The WR-28 waveguide itself serves as

a high pass filter, with a cutoff frequency of 21.2 GHz.) Finally, the

microwave signals are detected by Ka-band crystal detectors, which have

been calibrated throughout their operating range against a thermistor

power meter.

It was observed via open shutter photography (see Fig. 4) that the

microwave electric fields were causing air breakdown streamers to form on

the ends of the apertures and to extend upstream from the antenna to the

output window. In order to eliminate this effect, which could interfere

with the detection of the microwave signal, and still permit near-field

measurements of the output mode pattern, a microwave-attenuating window

was placed at the end of the experiment in place of the highly

transmissive polyethylene vacuum window that is customarily employed.

This "lossy" window consists of nominal 1-inch-thick (-2.5 cm) phenolic

plastic, which produces a signal attenuation of 10±0.5 dB, as calibrated

by measuring the normal incidence free-space attenuation at 35 GHz between

two standard Ka-band horns. With the power density reduced by an order of

magnitude by this means, no further streamer formation was observed on the

microwave apertures.

Figure 5 shows a typical microwave scan of the operating mode, with

the Febetron operating at its full erected voltage of 600 kV, and driving

a diode impedance that is mismatched upward by approximately a factor of

7
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2, to produce a peak diode voltage of -775 kV. The average gyrotron

current at the first voltage maximum for this data set is -1.6 kA,

slightly less than half of the total diode current of -3.5 kA. The

electron beam radius in the gyrotron cavity is -1.2 cm, or -0.75 of the

cavity wall radius. Assuming a beam a-1, the calculated space-charge

depression of the beam is -40 keV. The magnetic field in the cavity is

B0-23.8 kG. This data was taken with one microwave aperture (Channel #2)

kept at a fixed location on the output window as a monitor of shot-to-shot

reproducibility, and the second detection channel (#1) used to scan the

output mode on a shot-to-shot basis as a function of radius and electric-

field polarization across a single radius of the output window.

Typically, three shots were taken at each position, and an average value

calculated over the three measured values of detected power. This

measured mode pattern can be compared to the predictions for the three TE

modes available to the interaction near 35 GHz, as illustrated in Fig.

6. Note that the power measured in the radial pattern in Er compared to

that in E may be somewhat affected by the presence of an azimuthal

standing wave, as discussed below. Note also, for purposes of comparison

with Fig. 6, that the measurement is made just beyond a 2.54-cm-thick

output window, and that the mode will begin to diverge after leaving the

output waveguide. There is no evidence for the excitation of the TE14

mode, whose principal maximum is on axis. Similarly, there is no evidence

of the excitation of the TE10,1 mode, which is a true whispering-gallery

mode and should have large radial maxima in JEr 12 and JE6J adjacent to

the edge of the output waveguide. The match is best to the TE62-mode (as

also observed in the earlier experiment9 ). This is consistent with Fig.

7, which indicates that the normalized beam radius of -0.75 is close to

,q8
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optimum for coupling to the TE_ 6 2 mode, where the minus sign is defined

with reference to the sense of the axial magnetic field in the cavity, and

indicates that the mode is rotating opposite to the sense of electron

gyration. However, the match is not perfect, and there is some evidence

that the mode observed at the output window may no longer be the pure TE62

mode that should be produced in the cavity. This lack of a pure TE62 mode

may be due in part to mode conversion, either in the 50 uptaper that

begins at the end of the cavity, or due to imperfections in the 1.6-m

length of the 14-cm-diam. output waveguide. (The 50 uptaper replaced a

100 uptaper used in the previous experiment,9 in order to reduce mode

conversion effects.)

The measured mode pattern can also be used to estimate the peak

power. This is done by integrating the measured mode pattern across the

face of the output window, and absolutely calibrating the detection

system. To proceed, we first average the detected power across the

measured mode pattern in radial and azimuthal polarizations. The results

are 0.61 mW and 0.71 mW, respectively. Next, it is necessary to account

for the following loss factors: 1) the ratio of the effective aperture of

the microwave antenna to the area of the of the mode (29.07 dB, based on a

measured mode radius of 7.25 cm and an effective aperture for the antenna

12that is 81% of its physical aperture), 2) window attenuation (10±.5

dB), 3) measured waveguide loss between the aperture and the directional

coupler (11.35 dB), 4) signal reduction due to a directional coupler

(20.75 dB), 5) the setting on a calibrated rotary-vane attenuator (36

dB), and 6) filter and miscellaneous loss factors in the waveguide

connecting to the crystal detectors (1.02 dB). The values given in

parentheses correspond to the loss factors for detection channel #I1 for
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the data of Fig. 5, and their sum is 108.19 dB. The average power seen at

the detector, summed over polarization, is 1.32 mW. Multiplying this

value by the measured and calculated loss factors produces a power

estimate of 87 MW. This corresponds to an approximate efficiency of 7%,

based on a peak voltage of -775 kV, and neglecting the effects of space-

charge depression and the time-dependent voltage waveform. This estimate

is produced by an averaging process over many shots; based on the scatter

in the data points, the best single shot power is estimated to be somewhat

(-1 dB) higher, or approximately 110 MW (-9% efficiency). The overall

uncertainty of this power determination, based on error bars in the

averaging process and in the various multiplicative factors, is estimated

to be ±2.2 dB.

One complication in the averaging process is the presence of an

azimuthal standing-wave component in the microwave mode pattern, due to

the excitation of both the TE 62 and TE-6 2 circularly-polarized cavity

modes. The observation of such structures is discussed in the following

section on breakdown studies, and there is some evidence that the

azimuthal phase of the standing component is not completely random on a

shot-to-shot basis. Since only a single radius is scanned in Fig. 5, such

a standing structure, if not corrected for, could bias the power

estimate. However, for the data presented in Fig. 5, this is not believed

to cause a substantial bias to the power calculation for the following

reasons: 1) The azimuthal variation observed in a scan at the radial

maxima is only ±1 dB (i.e., the output mode is predominantly a rotating

mode, due to the location of the beam at a minimum for coupling to the

TE+6 2 mode), and 2) Since 'Er12 and 1E81
2 each contain about half of the

total power, and they are spatially out of phase around the azimuth, any

10



bias in favor of one component of the rf electric field would be

compensated by a bias against the orthogonal component. The effect of

azimuthal asymmetry is included in the overall error estimate.

Figure 8 shows a plot of output power at 35 GHz at the first voltage

maximum versus cavity magnetic field for constant current, voltage, and

normalized beam radius in the gyrotron cavity. The output power is

approximately flat from 23 to 24.5 kG. It falls off abruptly to zero when

the magnetic field is decreased from 23 kG to 22.5, but decreases

gradually to zero as the magnetic field is increased from 24.5 kG to 26

kG. This tuning range is consistent with the broad interaction bandwidth

predicted for the relatively short cavity employed in these experiments,

but it is also believed to be related to the mode density of the cavity

and the time-dependent voltage waveform. This is discussed further in

Section V.

B. Breakdown studies

The use of microwave-induced gas breakdown as a diagnostic of the

operating mode of the gyrotron was discussed in an earlier paper. 9 Here

we note simply that the addition of a low pressure cell (see Fig. 9)

enclosing the output window of the gyrotron permits the selection of a

suitable ambient pressure at which microwave-induced gas breakdown will

occur across the face of the output window. Variation of the ambient

pressure allows the adjustment of the electric field threshold for the

breakdown process. Such variation could in principle allow a contour map

of the output mode pattern to be built up over successive shots, but in

practice, limitations in the shot-to-shot reproducibility, as well as the

lack of a complete theory for the breakdown process in the vicinity of the

11



window surface, makes this difficult. Nevertheless, the pressure may be

chosen to suppress breakdown at local minima, and permit breakdown at

local maximum of the microwave electric field distribution. Observation

of such breakdowns via open-shutter photography permits a global view of

the microwave emission on a single-shot basis, which is a valuable

supplement to the local measurements that are possible using small

apertures feeding microwave crystal detectors, and assists in mode

identification. Furthermore, the observation of an azimuthal standing

structure in a particular discharge makes possible an unambiguous

determination of the azimuthal index "m" of an operating TEmn or TMmn

mode, which, combined with a knowledge of the magnetic field in the

cavity, permits a straightforward determination of the operating mode and

therefore of the approximate frequency of operation.

Figures 10 and 11 contain two end-on open shutter photographs of

microwave-induced gas breakdown that were produced during a sequence of

experimental discharges at fixed beam compression ratio and approximately

constant current and voltage during which the axial magnetic field in the

cavity was progressively decreased from an initial value of -31kG. The

normalized beam radius in the cavity for this data set was -0.67, or -1.07

cm, with a total beam thickness of -4-6 mm, including both L.armor motion

and guiding center spread. These photographs indicate the excitation of a

pair of modes at 30.3 and 28.7 kG with azimuthal indices of 10 to 9 and

similar radial structure. Additional photographs at progressively lower

magnetic fields indicate that this sequence can be extended through a

sequence of TEmn or TM. modes with similar radial structure down to an

azimuthal index of 4, which was observed at a cavity magnetic field of A

16.3 kG. (The azimuthal structure is progressively more difficult to see

12
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as m drops below 6, indicating that the emission becomes more circularly

polarized at lower magnetic fields.) Reference to a mode map for the

gyrotron cavity clearly indicates that this set of photographs depicts a

sequence of TEm2 modes, with m ranging from 4 to 10, and corresponding to

frequencies ranging from 28 to 49 GHz. Reference to Fig. 7 illustrates

that this is a favorable radius for excitation of both the TE,6 2 and TE_-62

modes, and this will remain approximately true for most of the other TE+m 2

modes, as well. (Note that the normalized beam radius of 0.75 for the

microwave data of Fig. 5 is at the coupling maximum for the TE-62 mode and

at a zero for the coupling to the TE+62 mode: the apparent standing

structure for such cases is much weaker.) Separate microwave power

determinations were not performed for the various modes observed in this

sequence. However, based on the relative brightness of the discharges at

a constant ambient pressure of -100 Torr in the breakdown chamber, it

appears that the power generally increases with frequency over this mode

sequence.

The result of the mode scan is illustrated in Fig. 12, which plots

each of the observed TEm2 modes against the magnetic ield at which it was

most pronounced in a breakdown picture, and against the predicted

frequency of the mode at cutoff in the gyrotron cavity. The "best fit"

straight line passing through the origin is illustrated in the figure.

This line corresponds to exact cyclotron resonance for -390 keV. By

contrast, the peak electron kinetic energy is -720 keV, assuming a peak

voltage of 775 kV in the diode, and -55 kV of beam space charge depression

in the cavity. Alternatively, this line would correspond to the formula

f-1.379 /2n?*eff , where g is the nonrelativistic cyclotron frequency in

the cavity magnetic field, and the relativistic factor Y eff2.1 is

13
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calculated for the peak electron kinetic energy of 720 keV. This would

correspond to an effective detuning [1-0 o/Y effw of the gyrotron

interaction of -27% from exact resonance. The theoretically predicted

optimum detuning is -15%. The reason for this apparent large detuning is

believed to be the highly time-dependent nature of the voltage waveform,

as discussed in Section V. Assuming that the "best fit" line corresponds

to the center of a tuning range for excitation of each of the modes, a

"stair-step" function is superimposed over this line, corresponding to the

approximate range over which each mode should be tunable. Each of the

experimental points appears to fall on one of the steps of this

function.

By varying the beam radius in the cavity, additional modes can be

excited, as indicated by the observation of completely different radial

structures in the breakdown image, but their precise identification is

more ambiguous due to lack of clear azimuthal structure. To date, there

has been no unambiguous evidence for the excitation of m&.ves with M-1,

such as the TE1 4 mode that is nearly degenerate in frequency with the TE6 2

mode. This fact is consistent with the higher starting current predicted

for TEIn modes, compared to the whispering-gallery modes, for large beam

radii.

IV. Theory

The theory of high voltage gyrotron operation closely parallels that

for lower voltage devices, except for the increased coupling that is

possible to TM modes of the gyrotron cavity. A discussion of some of the

design considerations for high voltage gyrotrons is given in Ref. 13. The

14



theory of gyrotron oscillators has received considerable attention.
14-2 1

The theory used in the design and interpretation of the present experiment

is summarized below.

The self-consistent field equations for the gyrotron in steady-state

operation can be written in the following compact form:1
6 ,21

p-lRe{F I (la)dC

2 s s--e
d8 . + p2 + p -2ReiF e Ib)

2
- i<pee> (c)

where p and e are slow-tim-scale transverse momentum amplitude and phase

variables for a beam electron, C is the axial coordinate, s is the

harmonic number, F is the wavegulde mode transverse field amplitude, A is

the interaction detuning parameter, I is the beam current parameter, and 6

is proportional to the square of the local axial wavenumber. These

normalized parameters are defined as follows:

Pt

o YooC8t (2a)

B2oZ

to 2B (2b)
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where pt is the unnormalized momentum amplitude, Y is the relativistic

mass ratio prior to the interaction, mo is the electron rest mass, c is

the speed of light, Btoand zo are the initial transverse and axial

velocities normalized to the speed of light, w is the wave

frequency, wco is the local cut-off frequency of the operating mode,

and 0 is the initial relativistic cyclotron frequency given by

"0-- .- (3)
m Y

0 0

Here e is the electron charge and B0 is the applied (axial) magnetic

field. < > denotes an average with respect to the initial electron

phase which in a free-running oscillator is uniformly distributed. All

formulae are given in MKS units except as noted. For the case of a thin

annular electron beam interacting in a circular cross section cavity with

circularly polarized radiation having azimuthal dependence exp[i(me-wt)]

the field amplitude and current parameter for a TEmn mode are given by:

jeIB' 4 CuJms,(knr) 5s

F to - f (4a)Ym ac2  2Ss!3

0 0

32.ojelolzo c 2 2(knr )l2 a s-112 (4b)
I - 6 mn m-s ( b 2 to

0o0oto

and for a TM mode are given by:
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4jeI s-4 C3
F- B 0  BOaJ..(k r)- __C5a)Ym to zo mn m-s mn b a a

32tiolellos= 3 2  32s,
32a0 eI 0B 2 2 r)1 .A 03-112

I Y mows6 m-s (kmnrb2a31to (5b)

oo to

where f is the equivalent voltage amplitude of the transverse electric

field, g is the equivalent current amplitude of the transverse magnetic

field (see Ref. 22), rb is the beam radius in the cavity, Uo= 4wx1O-  H/m

is the permeability of free space, 10 is the dc beam current, Jm-s is a

Bessel function and

cM0 U. W •2[ 2)] 1/2 jm(x';n)) (6a)

k _ _n (6b)
mn r

for a TE mode, or

CM [ Tl/2 x J'(x.)]1 (7a)

x
mn (7b)

for a Th mode, where x' Is the nth zero of dJm(x)/dx, xn is the nth
mn l

zero of Jm(x), and rw is the radius of the gyrotron cavity.

In the self-consistent field (SCF) model, the axial variation of the

cavity rf fields is determined self-consistently with the electron beam

motion by integrating the wave equation [Eq. (Ic)] simultaneously with the

electron equations of motion.2 1 The model accounts for important aspects
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of gyrotron motion such as modification of the cavity Q and resonant

frequency by beam loading. The steady-state characteristics of a gyrotron

oscillator are obtained by integrating Eqs. (1) subject to appropriate

initial conditions on the beam electrons and the rf field, and imposing an

outgoing wave boundary condition on the rf field at the cavity output.

For a cold beam, the initial conditions on the electrons are: pj(O)=1,

e (O)-2wj/n, j=1,...,N. The rf field usually has the form of a growing

evanescent wave at the cavity input and can be specified by an amplitude

and a frequency. For a phase-mixed electron beam, the initial rf field

phase is arbitrary. The output boundary condition for the rf field is

given by

dFJ -ikjF(Cf) (8)

where kC is the axial wavenumber in the output guide. Since F is complex,

Eq. (8) represents two conditions. Thus the solution of Eqs. (1)

constitutes a two parameter eigenvalue problem. For fixed beam, magnetic

field, and cavity parameters, the eigenfunctions correspond to discrete

pairs of values for F( 0) and w. These are not known a priori and must be
w0

found by a search procedure.

To carry out gyrotron optimization and scaling studies, it is

desirable to replace the self-consistent model by a simpler theory. This

can be obtained by neglecting beam loading effects so that the axial as

well as the transverse rf field structure is determined by the cavity

(i.e., the cold cavity approximation). In this case, Eq. (Ic) is

eliminated and a fixed axial profile function for the rf field is

introduced of the form

18



F(C) - F h(C) (9)

where Fo is the peak field amplitude and h(;) is the profile function with

peak amplitude of unity. Convenient functional forms for h(;) include the

Gaussian:

h(C) - exp[-(3S _1)2] (10)
U

where V is the normalized interaction length, and a is an adjustable

parameter; and the sinusoidal:

h(C) - sin(Lw;/u) (11)

where I is the longitudinal mode index. The Gaussian profile gives more

accurate efficiency estimates, while the sinusoidal profile is more

convenient for analytical studies.

For a given harmonic and choice of profile function, and optimizing

with respect to the detuning parameter A, the transverse efficiency

depends only on Fo and v and is given by

nt a 1-<P(Fo,m)>e (12)

The electronic efficiency is related to the transverse efficiency

according to:
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201-Y 0

Assuming a Gaussian profile function with a-2, the output power is given

by

1/2 c3m2 (x,2 2 6-2s 2 _2P/2 o 2s2 Cx2- ) 0 0 J (14)

Uoe ~ m- "-s-s 2s(mnrb  '

for a TE mode and by

S1/2 c3m 2 32! 2  x 2nj'12 (X n) Io6-23 Y 2uF 2 ( )

-- o ( 2-3.L ) mn 2 0 (to 0
32 2a I 2 3 s~ J kr)8z(krJ s'mnb Qz

0 rn-s mrib

for a TM mode, where Q is the quality factor for the cavity (including

diffractive and ohmic losses). '

A contour plot showing curves of constant transverse efficiency in "

the F-u plane 13 shown in Fig. 13 for s-1 and a-2. This value for a was

chosen as representative of actual cavities. These results were obtained

by optimizing with respect to A subject to the constraint that the

starting current be less that half the operating current, which

corresponds to operation in the "sof't-excitation" regime. 1 0  As discussed,,1

elsewhere in this paper, this constraint does not appear to apply to the.'

present experiment: however, for the fixed Gaussian field model, it

limits efficiency only at relatively large interaction lengths, n the
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present case u > 18. (A larger region of hard excitation is found using

the self-consistent field model, as is discussed later in this paper.)

Contours of optimum A values corresponding to Fig. 13 are shown are shown

in Fig. 14.

It is of interest to estimate the normalized parameters for the

present experiment. The present experimental cavity has an effective

interaction length of L-4 cm. This choice leads to good agreement between

the sinusoidal field profile and the SCF theory results for threshold

currents, as we discuss in Section V. Given the beam voltage, estimating

the average pitch ratio a, and correcting for space charge depression of

the beam, the normalized interaction length V can be obtained. For a

typical voltage of 650 kV and for a - 1, j - 9.3. The normalized field

amplitude can be obtained by relating the peak cavity rf field amplitude

to the output power. From the definition of Q, the voltage amplitude for

a TE mode is given by:

to a 1 2 1/2 1/2 (16)

assuming a Gaussian axial rf field profile. Assuming P - 100 MW, Q - 250,

L - 4 cm, and a - 2 leads to f- . 1.2 MV, corresponding to a peak field at

the beam of 500 kV/cm. For a TE6 ,2 mode and average beam radius of 1.2

cm, FO - 0.61. These estimated parameters are denoted by the dark circle

in Fig. 13 and correspond to an optimum theoretical transverse efficiency

of 57%, or an electronic efficiency of 21%. The position of this point in

the F-U plane indicates that near optimum normalized field amplitude and

interaction length parameters were achieved in this experiment. The

principal uncertainty in determining the normalized parameters involves
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the choice of a, which is difficult to measure in the experiment. The

choice of a-I represents an experimental estimate based on examining the

change in thickness of the annular electron beam, via fluorescent screen

techniques, 23 due to the effect of the "pump" magnet. It is also

supported by beam trajectory calculations using the Herrmannsfeldt code,
2 4

and is consistent with the maximum value that may be expected, given the

fairly large expected spread in electron velocity. The observation in the

experiment of less than half the predicted optimum efficiency may be due

in part to the lack of a method for controlling the total beam current.

This is discussed further in Section V.

Substituting these values into Eq. (10), one can obtain power scaling

estimates as a function of beam energy. These are shown in Fig. 15 for

several TE modes.

One of the remaining theoretical issues is the influence of space

charge on gyrotron operation. A preliminary discussion of tr,n effects of

space charge on the linear gyrotron interaction is given by Antonsen et

al. 25 Their general conclusion is that ac space charge will tend to

enhance the electron phase bunching, and therefore to increase the linear

growth rate of the gyrotron instability. They also find that the general

effect of dc space charge is to broaden the resonance by producing a

spread in gyrofrequencies, and therefore to degrade the overall efficiency

of a gyrotron oscillator. These effects have also been studied

theoretically by Uhm and Davidson. 2 6 However, a detailed calculation of

the effects of space charge on the predicted gyrotron efficiency remains
to be performed. The presently available gyrotron codes 2 7 treat the

extraction of energy from single electrons transiting the gyrotron cavity

in the self-consistent rf electric and magnetic fields, and do not address
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this effect.

A second issue is to understand gyrotron operation in the presence of

a rapid variation of the kinetic energy of the electron beam on the time

scale of the "fill time" of the gyrotron cavity. This is discussed

further below.

V. Discussion

The time-dependence of the voltage waveform is of concern both in

optimizing the power and efficiency, and in making a careful comparison

with the predictions of theory. Typically, the magnetic field is adjusted

to produce a 35 GHz microwave peak coincident with the first diode voltage

maximum, as illustrated in Fig. 2. Depending on the exact values of the

magnetic field and the voltage waveform, either a single -20 nsec wide

peak at the voltage maximum, or two narrow (-10 nsec) peaks with a dip in

the middle and a total width of -20 nsec, enclosing the voltage maximum,

are experimentally observed. (If the magnetic field is reduced, 35 GHz

emission will begin to occur at the second voltage maximum as well.) The

typical 20 nsec single microwave pulse measured at the crystal detectors

would imply experimental operation through an approximate 25% variation in

operating voltage. However, both the gyrotron operation and the

experimental diagnostics have finite response times. In the case of the

gyrotron, the effect of a voltage ramp on the nonlinear behavior of the

gyrotron interaction involving a cavity that already contains strong

microwave electric fields due to the start of oscillation at 35 GHz is

hard to predict without a time-dependent gyrotron code. Furthermore, the

response of the diagnostics is estimated to be 2-3 nsec, a time interval
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over which the voltage excursion may exceed 5%.

Thus, the exact peak of the voltage waveform is not the only relevant

voltage for purposes of comparing theory to experiment. In fact, the data

of Fig. 5 correspond to a peak electron kinetic energy of -735 keV. The

experimentally optimum magnetic field of 23.8 kG is detuned by -22% from

exact resonance at 35 GHz, approximately 50% more than the predicted

optimum detuning, and well out of the usual tuning range for the

interaction. A reasonable supposition, in light of this discrepancy in

the magnetic fields predicted to optimize operation as a function of beam

kinetic energy, is that 35 GHz oscillation starts at some threshold

current and voltage during the risetime of the first voltage maximum,

persists over some portion of the remaining risetime, perhaps up to the

voltage maximum, and then continues over a second interval during the

decrease in voltage from the first voltage maximum.

The tuning range evident in Fig. 8 is related to the range of

magnetic fields for which the 35 GHz TE- 62 mode will start oscillation,
..

and for which oscillation will persist for long enough to reach high power

levels. If the upwards voltage excursion is too great, the large

microwave fields at 35 GHz will no longer extract sufficient energy from

the electron beam to maintain themselves against cavity losses. Assuming

no further coupling between the electron beam and the 35 GHz microwave

fields, the cavity microwave fields will then decay exponentially with a

characteristic time constant of Q/if, where f is the operating

frequency. This may permit a second mode at a different frequency to

start oscillation. To obtain a qualitative understanding of Fig. 8,

threshold current behavior as a function of beam voltage has been

calculated for modes encountered during the rise of the voltage pulse.
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These calculations are shown in Fig. 16 for magnetic fields of 22, 24, and

26 kG. The estimated instantaneous beam current as a function of voltage

is also shown, assuming that current scales as V1. 33, which comes from

calculating the space-charge-limited current as a function of voltage in

the vicinity of the diode. (The effect of voltage-dependent loss of

current, due t.) the effects of the "pump" magnet, are not included in this

scaling.) In order to calculate the starting currents of the various

modes, it is assumed that beam a scales linearly with voltage, a result

that is derived from single particle simulations of the effect of the

"pump" magnet. (The exact position of the beam line as well as the

starting current for each mode are of course sensitive to the scaling

assumptions for current and a as a function of voltage.) It is also

2
assumed that the cavity Q for each mode scales as W , with the Q for the

TE.62 modes fixed at 250. (Minimum diffraction Q for an L-i mode near

cutoff in a gyrotron cavity is given by 4v(L/A) 2 , where A is the free-

space wavelength associated with the operating frequency.) Start-up for a

specific mode presumably begins when the beam current line intersects the

threshold curve of a particular mode, and proceeds at a rate determined by

the amount by which the beam current exceeds the starting current. The

mode will continue to grow during the time the beam voltage waveform (see

Fig. 2) sweeps the beam line through the coupling curve. The first mode

to start oscillation and to reach high power should suppress other modes

until coupling to this mode is lost through voltage detuning. This

hypothesis remains to be verifed by time-dependent code simulations. By

, this argument, stable operation is expected in the TE- 62 mode at 24 kG,

while 22 and 26 kG represent cases, as seen in Fig. 8, in which high power

operation in this mode is not achieved. At 26 kG, the TE_ 62 modes would
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be suppressed by the earlier start of the TE_ 72 mode, and at 22 kG,

coupling to the TE-6 2 mode would be lost at relatively low voltage

compared to the peak voltage in the Febetron pulse.

This phenomenon of starting the TE-6 2 mode at low voltage and tuning

through it as the voltage rises is further examined in Fig. 17, which

plots starting current and isopower curves as a function of beam voltage

for the magnetic field and beam radius of Fig. 5. Assuming that no other

modes interfere, the TE- 62 mode should start oscillation at 480 to 500 keV

and continue oscillation as the energy tunes upward with time to at least

700 keV. The solid lines in Fig. 17 are calculated assuming a sinusoidal

rf field profile in the cavity, with length 4 cm. The dashed line and the

two marked points are calculated using a self-consistent rf-field profile

in the cavity. The dashed line gives the threshold while the dots

indicate optimum efficiency operating points. These self-consistent

calculations generally validate the simpler sinusoidal calculations,

particularly in the area of start-oscillation current thresholds. A

natural feature of a high voltage gyrotron experiment with a finite

risetime is that the voltage tuning illustrated in Fig. 17 occurs

naturally, and in fact the interaction tunes itself naturally into the

hard excitation regime, i.e. the regime of operation in which the starting

current exceeds the operating current, and the highest efficiences are

typically observed. This effect also enhances stability by allowing the

mode to start oscillation under conditions of high growth rate (low

threshold current). When the resonance enters the highly detuned maximum

efficiency regime, the interaction has already become strongly nonlinear,

and the start-up of competing modes with higher linear growth rates is

suppressed. The two points plotted, at 650 and 700 keV, correspond to
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optimum efficiency points with output powers of 137 MW and 275 MW,

respectively, calculated from the self-consistent model. Figure 17

suggests that coupling may not persists to the exact peak of the voltage

waveform (-735 keV, after correcting for space charge depression), but the

short duration of the voltage excursion beyond 700 kV (see Fig. 2) might

mask this effect experimentally.

Fig. 18 presents two plots of efficiency versus electron beam

current, assuming B0=24 kG, V-650 keV, and beam i-i. These curves are

calculated assuming a self-consistent rf field profile in the experimental

gyrotron cavity. Curves are calculated assuming either a cold beam

(Avz=O), or a large velocity spread (Av z/v z20%). In each case, the start

oscillation threshold is illustrated: operation to the left of the start

oscillation threshold corresponds to a region of hard excitation, in which

oscillation would not start, but which could be reached either by lowering

the gyrotron current once oscillation had begun, or in the case of this

experiment, by starting oscillation at lower voltages. Generally, when

the curve is double-valued, the higher value corresponds to stable

oscillation. The choice of 650 keV for these calculations corresponds to

somewhat less than the highest beam kinetic energy of -735 key for a

normalized beam radius of 0.75, but was chosen in light of the data of

Fig. 17, and the general consideration that the exact peak of the voltage

waveform occurs for a very short time (see Fig. 2). As expected in a

gyrotron oscillator, these calculations are not highly sensitive tj

velocity spread. The maximum theoretical warm beam efficiency is about

25% more than twice the observed efficiency. However, the hignest

efficiencies were obtained at lower beam currents than those 1sed in tne

experiment, suggesting that the cavity was somewhat over~lriven. The
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predicted efficiency at the experimental current of 1600 A, which

corresponds to the data of Fig. 5, is in reasonable agreement with the

observed power levels. Figure 18 suggests that comparable powers at

higher efficiences could be achieved at lower beam currents. However, the

principal experimental goal was to maximize peak power rather than to

optimize efficiency. Since the basic diode geometry controlled the total

emitted current of -3.5 kA, operatidn at lesser values of the beam current

(e.g., the -1.6 kA that was employed to produce the optimum power) was

achieved as a side effect of the "pump" magnet that was used to provide a

high beam transverse momentum. Furthermore, in order to perform an

experimental scan of the emission corresponding to a particular set of

operational parameters, it was necessary to operate with parameters for

which the operation of the gyrotron was most stable to small variations,

due to the problem of shot-to-shot reproducibility of the experimental

discharges. Operation of the gyrotron at the substantially lower current

(-600 A) that Is predicted to optimize the efficiency of the interaction

could only be achieved by increasing the magnitude of the nonadiabatic

change in axial magnetic field induced by the "pump" magnet, resulting in

the loss of additional beam current between the diode and the gyrotron

cavity--at some point, this process is expected to be highly deleterious

of electron beam quality, and in addition, the problem of reproducibility

was significantly increased. Nevertheless, there was some limited

evidence that comparable peak powers might be achieved at somewhat (30-

50%) lower operating currents. (An attempt to use a beam mask in the

vicinity of the diode to lower the beam current by scraping the edge of

the beam was unsuccessful, since it was very difficult to successfuilly

scrape an azimuthally symmetric fraction of a thin innular beam. The
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presence of a beam scraper also tended to lower the diode impedance and

therefore to decrease the operating voltage of the experiment.)

Voltage-dependent start-up effects may explain the large detuning

illustrated by the best fit line to the data points of Fig. 12. Figure 19

shows the calculated starting currents versus magnetic field for first

harmonic TE mnl modes occurring between 15 and 35 kG. These starting

currents are obtained using a small signal theory and computer code for

the gyrotron oscillator based on linearized Vlasov theory, 28 and assuming

a sinusoidal cavity rf electric field profile with a length of 4 cm, a

cavity Q of 250, a beam voltage of 450 keV, an a of 1, and a normalized

beam radius of 0.67. These calculations are considered to be essentially

equivalent to a small signal analysis based on Eqs. (la) and (ib). This

has been verified numerically. The beam voltage of 450 keV assumed for

these calculations was selected to place the minima as a function of

magnetic field for the various TEjm2 mode starting current curves along

the experimental "best fit" line of Fig. 12. This figure illustrates why

it is possible, for this normalized beam radius, to tune the gyrotron

between the various TEm 2 modes by varying the cavity magnetic field, since

they are generally the lowest starting current modes. (Similar tuning of

a gyrotron in a TErm2 family of modes has recently been reported elsewhere

in a long pulse gyrotron employing thermionic cathode technology.8 ) It

also illustrates why It is increasingly difficult to observe standing

modes below m-6, since the starting current for the TE,.2 mode begins to

greatly exceed that for the TEm 2 mode, while for larger m vales, they

are approximately equal. However, it is important to note that while the

exact starting voltage for a mode as a function of axial magnetic field is

known approximately for the time-resolved 35 GHz data :f Fsig. , it Ps
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unknown experimentally for the tiLue-integrated breakdown data of Fig.

12. A higher ov lower voltage will have the general effect of translating

the starting current curves for the various modes to higher or lower

magnetic fields, without strongly affecting the relationships between the

various curves. These calculations therefore suggest that as the beam

current, voltage, and a increase with time during the voltage waveform, up

to the final beam kinetic energy of -725 keV, the first mode to reach high

power will typically start at about 450±50 keV. (If a higher frequency

mode begins to be excited at lower beam Y, the beam presumabably detunes

from the mode before high levels of rf electric field are reached in the

gyrotron cavity, as suggested in the discussion of Fig. 16.)

In summary, a 35 GHz gyrotron oscillator has successfully operated in

a TE62 "whispering-gallery" mode at a power level of approximately 100 MW

and an efficiency of approximately 8%. Its frequency has been tuned over

almost a factor of two at high power through variation of the resonant

magnetic field in the region of the microwave cavity. This tuning has

been accomplished through operation of the gyrotron in a family of TEm2

modes ranging from m-4 to m-10 by varying the cavity magnetic field while

maintaining approximately constant beam parameters. Operation has

generally agreed with the predictions of conventional gyrotron theory,

with special effects due to high beam Y being observed.

The principal discrepancy between theory and experiment is in the

area of maximum efficiency, with the predicted maximum efficiencies

typically exceeding the experimental values by a factor of -2. This

disagreement is attributed principally to two factors. On the theoretical

side, the effects of space charge would be expected to degrade the overall

efficiency, but theoretical models including these effects are not yet
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available. A second concern is the rapid time-variation of the voltage

pulse, since we have been limited to the use of steady-state gyrotron

models to analyze an experiment in which the time-variation of the voltage

waveform would appear to have significant experimental consequences. On

the experimental side, it has proved difficult to operate the experiment

at the levels of current that are predicted to optimized the efficiency in

the present experimental cavity. Also, there is a continuing concern with

the velocity spread of the electron beam, since there are indications that

the present electron beam is given high transverse momentum at the expense

of beam quality. Studies are continuing on the formation of higher

quality electron beams to drive more efficient gyrotron interactions.

An important constraint on the experiment is its present operation at

the maximum charge voltage of the Febetron pulser, whicn implies that any

lowering of the diode impedance will occur at the expense of operating

voltage. This places significant constraints on the diode design, and

requires operation in an essentially "foIlless" configuration, i.e. with

the cylindrical drift tube serving as the anode. To relax this constraint

in order to have better control of the beam formation process, plans are

proceeding to continue the experiment on a higher voltage, lower impedance

pulseline accelerator, which will substantially increase the experimental

flexibility in the area of beam formation as well as making possible

operation at still higher beam energies and with a substantially improved

voltage waveform. This is expected to permit future gyrotron operation at

significantly nigher power levels than are reported in this paper.
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(-200 kV/div)

DIODE CURRENT
(1000 A/div)
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Fig. 2. Typical experimental waveforms as a function of tine. (Note that

the signs of the voltage and current waveforms are inverted.)
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Fig. 4. Open shutter photograph of microwave-produced breakdown on the

open end of the microwave aperture antenna in the vicinity of the

output window. Gas breakdown streamers are shown extending from the

edge of the waveguide aperture (right) to the output window (left).
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Fig. 10. End-on open shutter photograph of microwave-induced gas

breakdown for B0 .30.3 kG, illustrating the observation of the TE1 0 ,2

mode. (The outer halo is a reflection in the walls of the breakdown

cell. Vertical and horizontal lines are cm rulings on the window

face.)
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Fig. 11. End-on open shutter photograph of microwave-induced gas

I

breakdown for B0-28.7 kG, illustrating the observation of the TE9 2

mode.
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Fig. 12. Predicted frequency versus applied magnetic field for observed

TE 2 modes. The "best fit" straight line to the data points is

included, as well as a "stair-step" line the corresponds to the range

over which each mode should be expected to start oscillation.
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dot indicates the estimated experimental parameters.
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* Fig. 16. Mode startup versus voltage, for Bo.22 kG (top), 24 kG (center),

and 26 kG (bottom). The beam current is assumed to scale as V-3

with a maximum value of 1.6 kA at 740 keV, and the beam a is assumed

to scale as V, with a maximum a of I at 740 keV. The Q of the E6

mode is assumed to be 250, with the Q values for other modes assumed

to scale as the square of the mode frequency. A normalized beam

radius of 0.75 is assumed in the gyrotron cavity.

r 51
S.%



3000

2500

2000 150 MW

CL 100
1500 MW

50/

1000-

Ithr
500-

0 I I I I I

400 450 500 550 600 650 700 750 800

BEAM VOLTAGE (kV)

Fig. 17. Gyrotron starting current and isopower curves as a function of
beam voltage for Bo-23.8 kG and rb/rw-0.75. The dashed line

illustrates the starting current calculated by a self-consistent model

of the cavity rf-fields, while the solid lines are calculated assuming

a sinusoidal rf field profile with L-4 cm. The two dots indicate the

predicted optimum efficiency points from the self-consist model at 650

keV and 700 keV, and correspond to 137 and 275 MW.
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cavity, and assuming B024 kG, V-650 keV, and a-I. Calculations are

performed for the case of a cold beam (no axial velocity spread) and

for a 20% spread.
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